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int program ( int a) { I122 

int B, C, D; 

if (A) { __f124 
C = array[O]; C LIVE A L|VE 
D = array[1]; RANGE RANGE 
array[D] = C; 

?rst; } else { 
1 12 w B = A + 2; _ 

C = arra 2 ; 
_ y[ ]_ (3 LIVE B LIVE 

D - array[3], RANGE RANG 
array[D] = C; E 

114 w return B; D LIVE ___\ 120 

} RANGE 
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int program ( int a){ 
int B, C, D; 
if (A) { 

C = array[O]; 
D = array[1]; 

}else { 
112 w B = A + 2; 

C = array[2]; 
D = array[3]; 
array[D] = C; 

114 w return B; 

} 
D LIVE 
RANGE 
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int program (int A0) { 

STORE AO,[SP+O] 

Aug. 13, 2002 

C = array[O] 
D = array[1] 
array[D] = C 

LOAD A1,[SP+0] 

STORE BO, [SP+4] 

} 

STORE B1,[SP+4] 
C = array[O] 
D = array[1] 
array[D] = C 

LOAD B2,[SP+4] 
RETURN B2 

Figure 10 
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METHOD AND APPARATUS FOR 
ALLOCATING STACK SLOTS 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application is related to US. Ser. No. 09/298,411, 
?led concurrently herewith, Which is incorporated herein by 
reference in its entirety. 

BACKGROUND OF THE INVENTION 

1. Field of Invention 
The present invention relates generally to methods and 

apparatus for improving the performance of softWare appli 
cations. More particularly, the present invention relates to 
methods and apparatus for allocating stack slots in substan 
tially the same manner that is used to allocate registers. 

2. Description of the Related Art 
In an effort to increase the ef?ciency associated With the 

execution of computer programs, many computer programs 
are “optimized.” OptimiZing a computer program generally 
serves to eliminate portions of computer code Which are 
essentially unused. In addition, optimiZing a computer pro 
gram may restructure computational operations to alloW 
overall computations to be performed more ef?ciently, 
thereby consuming feWer computer resources. 
An optimiZer is arranged to effectively transform or a 

computer program, e.g., a computer program Written in a 
programming language such as C++, FORTRAN or Java 
bytecodes, into a faster program. The faster, or optimiZed, 
program generally includes substantially all the same, 
observable behaviors as the original, or preconverted, com 
puter program. Speci?cally, the optimiZed program includes 
the samemathematical behavior has its associated original 
program. HoWever, the program generally recreates the 
same mathematical behavior With feWer computations. 
As Will be appreciated by those skilled in the art, an 

optimiZer generally includes a register allocator that is 
arranged to control the use of registers Within an optimiZed 
or otherWise compiled, internal representation of a program. 
A register allocator allocates register space in Which data 
associated With a program may be stored. A register is a 
location associated With a processor of a computer that may 
be accessed relatively quickly, as compared to the speed 
associated With accessing “regular” memory space, e.g., 
stack or heap space, associated With a computer. 

The number of registers in a processor is ?xed. As a result, 
When there is not enough register space available for the 
storage of data, “spill code” is identi?ed. The spill code is 
code that moves data betWeen stack slots and registers When 
all registers are full. A stack slot is a piece of a stack frame 
that an allocator uses to hold information When all registers 
are full. Typically, an optimiZer includes a specialiZed stack 
slot allocator that is arranged to allocate stack slots for spill 
code as needed. Stack slots are also generally needed When 
passing more arguments than ?t in the registers. 

FIG. 1a is a diagrammatic representation of a segment of 
source code. Segment 104 of source code includes uses of 
variables. By Way of example, an instruction 108 includes a 
use of a variable AWhich is stored in a register, e.g., register 
R1. Instruction 108 sets a variable B to equal the sum of 
variable A and an integer “1”. Variable B may be stored into 
a register R2. In addition to being used in instruction 108, 
variable A is used in instruction 112 as Well. Variable B, as 
shoWn, is used in instruction 114. 
A live range for variable B, i.e., “B live range” 120, is 

de?ned as a range in segment 104 over Which variable B 
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2 
must remain live. That is, B live range 120 is the “distance” 
over Which a value for variable B needs to be maintained in 
a register, e.g., register R2. “A live range” 122, or the 
distance over Which variable A must be maintained in a 
register, overlaps B live range 120. The overlapping live 
ranges 120, 122 indicate that both variable A and variable B 
are to remain in their respective registers simultaneously 
over a certain distance. As shoWn, a ?rst “C live range” 124 
indicates that variable C is live in a register only until 
variable D is set. Therefore, variable C and variable D may 
in some cases be assigned to the same register. 

An interference graph associated With segment 104 may 
be colored in order to assign registers to segment 104 
Without con?icts, e.g., Without interference. The coloring, 
and subsequent register allocation, may be performed using 
a variety of different processes including, but not limited to, 
a Chaitin coloring heuristic developed at International Busi 
ness Machines, Inc., of Yorktown Heights, NY. and a 
Briggs-Chaitin coloring algorithm, described in Register 
Allocation via Graph Coloring, by Preston Briggs (PhD 
thesis, Rice University, 1992), Which is incorporated herein 
by reference. FIG. 1b is a diagrammatic representation of an 
interference graph that is associated With segment 104 of 
FIG. 1a. An interference graph 132 includes nodes 134 that 
are associated With variables A, B, C, D. 
Edges 138 are included betWeen tWo nodes that need to be 

live at the same time. As shoWn edge 138a is present 
betWeen node A 134a and node D 134d, thereby indicating 
that variables A and D are alive at the same time. Similarly, 
the edge betWeen node B 134b and node C 134c indicates 
that variables B and C also need to be live at the same time. 

Interference graph 132 is arranged such that When it is 
successfully colored, registers may be assigned to associated 
nodes 134 Without con?icts. Hence, coloring interference 
graph 132 With colors generally involves assigning colors, 
e.g., register numbers, to nodes 134 of interference graph 
132. Interference graph 132 indicates that three registers are 
needed for segment 104 of source code as shoWn in FIG. 1a. 
Node A 134a and node B 134b each require individual 
registers, While node C 134c and node D 134d may share a 
register. 

In general, since interference graphs may not alWays be 
colored With as feW colors as the CPU has registers, a spill 
Will occur in Which some data is spilled into stack slots. By 
Way of example, a spill may occur When tWo variables or 
values attempt to occupy a single register at any given time. 
When tWo values attempt to substantially simultaneously 
occupy a single register, because a register allocator has 
reached a stage Where it is not possible to guarantee each 
value its oWn register, one of the values must be spilled into 
a stack slot. The identi?cation of a value that may be spilled 
into a stack slot is considered to be the identi?cation of a 
spill candidate. The register allocator attempts to assign 
colors to the interference graph such that no tWo nodes 
connected by an edge have the same color. Further, the 
register allocator attempts to use no more than k colors, 
Where k is the number of registers in the central processing 
unit (CPU), i.e., 8 on Intel 80x86 CPUs and 32 on most 
RISC CPUs. When it is not possible, or When the algorithm 
used to color the interference graph does not ?nd a k 
coloring, then some live ranges must be spilled. 

For a hypothetical 2-register machine, interference graph 
132 of FIG. 1b may not be colored. For example, an 
assumption may be made that live ranges associated With 
variables Aand B are identi?ed as spill candidates. Aregister 
allocator inserts stores and loads around de?nitions and 
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uses, as shown in FIG. 1c. At the same time, stack slots must 
be allocated for use in storing spill code. In this example, 
separate stack slots are used for spilling live range A and live 
range B, yet only one of those tWo live ranges is ever alive 
at the same time. The interference graph for spilled program 
104‘ is given in FIG. 1d. Interference graph 180 of FIG. 1a' 
may be colored using only 2 colors, e.g., machine registers. 

The use of store and load instructions alloWs values to be 
stored and retrieved, as Will be appreciated by those skilled 
in the art. Further, the use of store and load instructions is 
associated With the allocation of stack space, or, more 
speci?cally, stack slots. FIG. 2 is a process How diagram 
Which illustrates the steps associated With allocating stack 
space in response to coloring an interference graph. The 
process of allocating memory associated With a segment of 
source code begins at step 202 in Which an interference 
graph, e.g., interference graph 132 of FIG. 1b, is constructed 
for the segment of source code. 

After the interference graph is constructed, an attempt is 
made to color the interference graph in step 206. As previ 
ously discussed, a variety of different methods may be 
applied in an attempt to color the interference graph. Once 
the attempt is made to color the interference graph in step 
206, a determination is made in step 210 as to Whether the 
attempt to color the interference graph Was successful. In 
other Words, a determination is made regarding Whether 
each variable associated With the interference graph Was 
successfully assigned to a register Without con?ict. 

If the determination is that the attempt to color Was not 
successful, then the implication is that not enough registers 
are available for each variable in the segment of source code 
to be assigned a register Without interference. Accordingly, 
process How moves from step 210 to step 214 in Which a list 
of live ranges is obtained as spill candidates. That is, 
variables that may be spilled into stack slots are identi?ed. 

Once spill candidates are identi?ed, then in step 218, load 
instructions and store instructions are assigned around de? 
nitions and uses in the segment of source code. Speci?cally, 
a load command to load a variable is inserted before a use 
of the variable in the segment of source code, While a store 
instruction to store a variable is inserted after the variable is 
de?ned in the segment of source code. After the load 
instructions and store instructions, i.e., loads and stores, are 
assigned, a stack slot is allocated for each live range in step 
222. In general, a stack slot allocator Which is separate from 
a register allocator is used to allocate the stack slots. While 
a stack slot allocator is separate from a register allocator, it 
should be understood that both allocators might be included 
in an optimiZer or a compiler. Allocating the stack slots 
alloWs spill candidates to be spilled into the stack slots. 
From step 22, process How returns to step 202 Where a neW 
interference graph is constructed. 

Returning to step 210, if the determination that the 
attempt to color the interference graph Was successful, then 
the implication is that each variable has successfully been 
associated With either a register or a stack slot. Hence, 
process How moves to step 226 in Which the stack containing 
stack slots is cleaned. Cleaning the stack slots includes a 
series of relatively simple steps, as Will be understood by 
those of skill in the art. Such steps typically include con 
verting stack slot references into actual offsets and placing 
the offsets into the associated spill instructions. 

If a register allocator simply assigns a single stack slot per 
spill candidate, it Will generate stack frames that are lightly 
used. Large frames, such as those Which are not dense, 
consume memory, as Well as data cache, Without signi?cant 
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gain. Large frames are also associated With problems on 
machines that cannot directly access large offsets from a 
stack pointer. By Way of example, Sparc computers require 
a second instruction to access stack slots Which are located 
more than 4096 bytes aWay. Typically, allocators attempt to 
reuse stack slots in order to minimiZe frame siZe. Heuristics 
that are often implemented to reuse stack slots generally 
behave in an unpredictable manner, thereby leading to 
unreliable, e.g., bug-?lled, code, as Will be appreciated by 
those skilled in the art. 

The implementation of a stack slot allocator is often 
inef?cient, leading to stack frames ?lled With stack slots 
Which are generally unused over large portions of the 
program. This causes the stack frames to be unnecessarily 
large, requiring large amounts of memory and, as a result, 
sloWing the execution of a program. Additionally, the heu 
ristics associated With the implementation of a stack slot 
allocator, e.g., attempts to reuse stack slots, operate in an 
ad-hoc manner. 

Therefore, What is desired is an efficient method for 
handling values that are stored in stack slots. Speci?cally, 
What is needed is an ef?cient method and apparatus for 
allocating and using stack space such that the allocation and 
the use of the stack space is substantially the same as the 
allocation and the use of register space. 

SUMMARY OF THE INVENTION 

The present invention relates to allocating and using stack 
space. According to one aspect of the present invention, a 
computer-implemented method for allocating stack space in 
an object-based system includes obtaining source code that 
is suitable for compilation and includes a de?nition associ 
ated With a variable. Once the source code is obtained, a ?rst 
copy instruction is inserted into the source code sequentially 
after the de?nition associated With the variable. Then, a ?rst 
stack slot is allocated for the ?rst copy instruction, and the 
?rst stack slot is associated With a stack frame such that the 
siZe of the stack frame is determined. In one embodiment, 
the method further includes creating an interference graph 
associated With the source code, attempting to color the 
interference graph, and determining if the attempt to color 
the interference graph is successful. If the coloring attempt 
is not successful, then the ?rst copy instruction is inserted in 
the source code. 

By inserting a copy instruction, Which may be associated 
With a load, a store, or a register-register copy, around 
de?nitions and uses of variables, stack slots may be allo 
cated using the same mechanisms that are used to allocate 
registers. Using the same mechanisms to allocate registers 
and stack slots enables complications associated With 
assigning stack slot values using a generally complex, 
separate mechanism to be avoided. Hence, source code that 
uses stack slot allocation that is performed using the same 
mechanisms that are used to allocate registers may generally 
execute more ef?ciently and more reliably. 

These and other advantages of the present invention Will 
become apparent upon reading the folloWing detailed 
descriptions and studying the various ?gures of the draW 
1ngs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention may best be understood by reference to the 
folloWing description taken in conjunction With the accom 
panying draWings in Which: 

FIG. 1a is a diagrammatic representation of source code 
Which includes live ranges for variables. 
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FIG. 1b is a diagrammatic representation of an interfer 
ence graph associated With source code 104 of FIG. 1a. 

FIG. 1c is a diagrammatic representation of source code 
as augmented With store instructions and load instructions. 

FIG. 1a' is a diagrammatic representation of an interfer 
ence graph associated With code 104‘ of FIG. 1c. 

FIG. 2 is a process How diagram that illustrates the steps 
associated With allocating stack space in response to color 
ing an interference graph. 

FIG. 3a is a diagrammatic representation of source code 
as augmented With copy instructions in accordance With an 
embodiment of the present invention. 

FIG. 3b is a diagrammatic representation of a namespace 
in accordance With an embodiment of the present invention. 

FIG. 4 is a process How diagram that illustrates the steps 
associated With allocating stack slots in response to coloring 
an interference graph in accordance With an embodiment of 
the present invention. 

FIG. 5 is a diagrammatic representation of a general 
purpose computer system suitable for implementing the 
present invention. 

FIG. 6 is a diagrammatic representation of a virtual 
machine Which is supported by the computer system of FIG. 
5, and is suitable for implementing the present invention. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

An optimiZer, or a compiler, often includes a stack slot 
allocator that is used to allocate stack slots to hold variables 
Which may not be stored in registers due to the fact that the 
number of registers associated With a processor is ?nite. The 
stack slot allocator is typically activated during a register 
allocation process When it is determined through an inter 
ference graph coloring algorithm that not all variables may 
be assigned to a register Without con?ict. The heuristics 
associated With treating stack-based variables, as for 
example in an attempt to free memory space associated With 
unused stack slots, often causes bugs to arise in the execu 
tion of source code. Further, the use of stack slots is often 
inef?cient, as many stack slots Within a stack frame are used 
for only a small part of the program. 
By treating stack-based values or variables in the same 

manner as machine registers, a specialiZed stack slot allo 
cator Will not be required. Eliminating such a stack slot 
allocator from a register allocation process increases the 
stability of the register allocator that is used to reduce 
register usage. Using a register allocator to allocate stack 
slots reduces stack slot usage, and generally alloWs for 
smaller and denser stack frames, a reduced cache footprint, 
and improved runtimes. In addition, using a register alloca 
tor to allocate stack slots enables the stack slots to be treated 
in the same manner as registers, thereby eliminating bugs 
associated With the heuristics that are commonly used to 
treat values store in stack slots. 

In order to effectively implement stack slots as registers, 
the register allocator may be arranged such that it no longer 
inserts store and load instructions around spill code. Instead, 
the register allocator inserts copy instructions Where the 
source and destination of the copy instruction may either be 
true machine registers or stack slots. After allocation 
succeeds, a subsequent cleanup pass Will convert copies to 
and from stack slots and registers into stores or loads as 
required. 
As Will be appreciated by those skilled in the art, a register 

allocator may perform copy coalescing to eliminate. 
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6 
Therefore, by creating copies of variables that are to be 
stored in stack slots, a register allocator may ultimately be 
used to reduce stack slot usage by eliminating unused copies 
from stack slots. Referring to FIG. 3a, a code segment that 
includes copy instructions With be described in accordance 
With an embodiment of the present invention. A code seg 
ment 304 includes a command 308, or an instruction, Which 
uses variables A and B in a de?nition of variable C. In the 
described embodiment, copy instructions are assigned 
around de?nitions of variables and uses of variables. 
Accordingly, since command 308 uses variables A and B, 
copies of variables A and B are made as indicated by 
commands 310 and 312, respectively. A copy command 314 
is arranged after command 308 in order to create a copy of 
variable C. 

Stack slots and registers are typically a part of a 
namespace. In general, the siZe of a namespace may vary 
depending upon the number of stack slots associated With 
the namespace. As the number of registers associated With a 
processor and, hence, a namespace is typically ?xed, it 
should be understood that the siZe of a namespace is 
essentially dependent upon the number of stack slots, or the 
siZe of the stack frame created from the stack slots, included 
in the namespace. 

FIG. 3b is a diagrammatic representation of a namespace 
in accordance With an embodiment of the present invention. 
A namespace 352 may include any number of bits. In 
general, the number of bits may vary Widely depending upon 
the requirements of a particular computing system. By Way 
of example, the number of bits may range from approxi 
mately 50 bits to more than 100 bits. It should be appreciated 
that, in theory, the number of bits associated With namespace 
352 may essentially be in?nite. In the described 
embodiment, namespace 352 is a 96-bit namespace. 
The ?rst eight bits 360 of namespace 352 are associated 

With registers that hold integers. That is, the ?rst eight bits 
360 effectively make up eight integer registers. In general, as 
Will be appreciated by those skilled in the art, the number of 
bits associated With registers may vary depending upon the 
computing platform With Which namespace 352 is associ 
ated. For example, eight bits arc associated With registers for 
an Intel 80x86 central processing unit (CPU), While 32 bits 
are associated With registers for a RISC CPU. A set of bits 
364, i.e., bits nine through tWenty-?ve, are associated With 
registers that store ?oating-point values. 

In the described embodiment, starting at bit position 
tWenty-six, bits refer to stack slots associated With incoming 
arguments being passed on the stack. The number of bits 
assigned to incoming arguments depends on the subroutine 
being compiled and the calling convention used. Some 
incoming arguments may be passed in registers. After the 
incoming argument bits are assigned, the outgoing argument 
bits are assigned. The outgoing argument bits are typically 
reserved for arguments being passed to subroutines Which 
are being called by a current subroutine. After the outgoing 
argument bits are assigned, all remaining bits are assigned 
for use to represent spills. 

It should be appreciated that a register allocator that 
intends to spill code into stack slots associated With 
namespace 352 typically selects the ?rst available stack slot, 
and spills values into that stack slot. 
By effectively spilling code sequentially into stack slots, 

a stack frame, Which is composed of stack slots, may be 
fairly dense, as empty stack slots betWeen used stack slots 
generally are not present. Further, the lack of empty slots 
betWeen used stack slots enables a stack frame to be siZed 
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such that it is only as large as necessary. Speci?cally, the siZe 
of a stack frame corresponds to the highest stack slot that is 
used. By Way of example, When the thirtieth bit is the last bit 
in namespace 352 that is ?lled the siZe of a stack frame 
associated With namespace 352 is four Words, or 16 bytes. 

While stack slots may be allocated for a variety of 
different reasons, in the described embodiment, stack slots 
are allocated during a register allocation process When there 
are substantially no available registers for use. Register 
allocation processes are often associated With interference 
graph coloring processes. With reference to FIG. 4, the steps 
associated With performing an interference graph coloring 
on source code Will be described in accordance With an 
embodiment of the present invention. The process begins at 
step 404 in Which an interference graph is created, or “built,” 
for a particular segment of source code. The segment of 
source code may generally be a section of a softWare 
application Written in substantially any suitable program 
ming language, e.g., the C programming language. In 
general, the creation of an interference graph involves 
representing live ranges associated With variables, or values, 
in the source code and representing interferences betWeen 
live ranges, as previously discussed. 

Once the interference graph is built, then an attempt is 
made to color the interference graph in step 408. Coloring 
the interference graph involves assigning registers to differ 
ent variables Without con?icts or interference. As Will be 
appreciated, the methods used to color an interference graph 
to perform register allocation may vary Widely. Such meth 
ods may include, but are not limited to, the Briggs-Chaitin 
register allocation method, the ChoW style allocation 
method, and the linear scan allocation method. 

A determination is made in step 412 as to Whether the 
attempt to color the interference graph Was successful. In 
other Words, a determination is made regarding Whether 
registers may be assigned to all variables associated With the 
interference graph Without any con?icts. When it is deter 
mined that the attempt to color the interference graph Was 
not successful, then the indication is that there are not 
enough registers to enable all variables associated With the 
interference graph to be assigned Without con?ict. 
Accordingly, process ?oW moves from step 412 to step 416 
Where a list of live ranges associated With the interference 
graph is obtained as spill candidates. That is, values that may 
be spilled into stack slots are identi?ed. 

After spill candidates are identi?ed, in step 420, copy 
instructions are effectively assigned or inserted around de? 
nitions and uses associated With the spill candidates. In the 
described embodiment, a copy instruction is assigned after 
a de?nition associated With a spill candidate and before an 
instruction that is associated With, e.g., uses, a spill candi 
date. A copy instruction that is assigned around a de?nition 
or a use instruction typically has the appearance of a 
register-to-register, i.e., “reg-reg,” copy instruction. 
HoWever, as presented in this invention, the “registers” used 
by the copy may either be actual machine registers or they 
may be stack slots. As Will be appreciated by those skilled 
in the art, a copy instruction may involve placing values on 
a stack, but generally does not require placing values on a 
stack. 

Once copy instructions are assigned around de?nitions 
and uses associated With the spill candidates in step 420, 
process ?oW returns to step 404 Where a neW interference 
graph is built. The neW interference graph that is built 
includes live ranges that are alloWed to color to stack slot 
registers. 
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Returning to step 412 and the determination of Whether an 

attempt at coloring Was successful, When it is determined 
that the attempt Was successful, then the indication is that no 
more spilling is necessary. In other Words, When coloring is 
determined to be successful, then no additional stack slots 
are required to store variables. Hence, process ?oW proceeds 
to step 428 in Which each copy associated With copy 
instructions assigned around de?nitions and uses is assessed 
to determine Whether it corresponds to a store instruction, a 
load instruction, or a register-to-register copy instruction. 
Such a determination is necessary in order to convert the 
copy instruction into one Which corresponds to the actual 
CPU hardWare present. 
From step 428, process ?oW moves to step 432 Where the 

siZe of a stack frame that includes stack slots allocated in 
step 424 is determined. While the siZe of a stack frame may 
depend upon a variety of different factors, in the described 
embodiment, the siZe of the stack frame is dependent upon 
the largest stack slot in the associated namespace, e.g., the 
96-bit namespace described above With respect to FIG. 3b. 
Once the siZe of the stack frame is determined, the stack is 
cleaned in step 436. Cleaning up the stack generally includes 
converting copies into loads and stores as appropriate. After 
the stack is cleaned up, the process of performing an 
allocation on source code is completed. 

FIG. 5 illustrates a typical, general-purpose computer 
system suitable for implementing the present invention. The 
computer system 1030 includes any number of processors 
1032 (also referred to as central processing units, or CPUs) 
that are coupled to memory devices including primary 
storage devices 1034 (typically a random access memory, or 
RAM) and primary storage devices 1036 (typically a read 
only memory, or ROM). 

Computer system 1030 or, more speci?cally, CPU 1032, 
may be arranged to support a virtual machine, as Will be 
appreciated by those skilled in the art. One eXample of a 
virtual machine that is supported on computer system 1030 
Will be described beloW With reference to FIG. 6. As is Well 
knoWn in the art, ROM acts to transfer data and instructions 
uni-directionally to the CPU 1032, While RAM is used 
typically to transfer data and instructions in a bi-directional 
manner. CPU 1032 may generally include any number of 
processors. Both primary storage devices 1034, 1036 may 
include any suitable computer-readable media. A secondary 
storage medium 1038, Which is typically a mass memory 
device, is also coupled bi-directionally to CPU 1032 and 
provides additional data storage capacity. The mass memory 
device 1038 is a computer-readable medium that may be 
used to store programs including computer code, data, and 
the like. Typically, mass memory device 1038 is a storage 
medium such as a hard disk or a tape Which is generally 
sloWer than primary storage devices 1034, 1036. Mass 
memory storage device 1038 may take the form of a 
magnetic or paper tape reader or some other Well-knoWn 
device. It Will be appreciated that the information retained 
Within the mass memory device 1038, may, in appropriate 
cases, be incorporated in standard fashion as part of RAM 
1036 as virtual memory. A speci?c primary storage device 
1034 such as a CD-ROM may also pass data uni 
directionally to the CPU 1032. 
CPU 1032 is also coupled to one or more input/output 

devices 1040 that may include, but are not limited to, 
devices such as video monitors, track balls, mice, keyboards, 
microphones, touch-sensitive displays, transducer card 
readers, magnetic or paper tape readers, tablets, styluses, 
voice or handWriting recogniZers, or other Well-knoWn input 
devices such as, of course, other computers. Finally, CPU 
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1032 optionally may be coupled to a computer or telecom 
munications network, e.g., a local area network, an internet 
network or an intranet network, using a network connection 
as shown generally at 1012. With such a network 
connection, it is contemplated that the CPU 1032 might 
receive information from the network, or might output 
information to the network in the course of performing the 
above-described method steps. Such information, which is 
often represented as a sequence of instructions to be 
executed using CPU 1032, may be received from and 
outputted to the network, for example, in the form of a 
computer data signal embodied in a carrier wave. The 
above-described devices and materials will be familiar to 
those of skill in the computer hardware and software arts. 

As previously mentioned, a virtual machine may execute 
on computer system 1030. FIG. 6 is a diagrammatic repre 
sentation of a virtual machine which is supported by com 
puter system 1030 of FIG. 5, and is suitable for implement 
ing the present invention. When a computer program, e.g., a 
computer program written in the J avaTM programming lan 
guage developed by Sun Microsystems of Palo Alto, Calif., 
is executed, source code 1110 is provided to a compiler 1120 
within a compile-time environment 1105. Compiler 1120 
translates source code 1110 into byte codes 1130. In general, 
source code 1110 is translated into byte codes 1130 at the 
time source code 1110 is created by a software developer. 

Byte codes 1130 may generally be reproduced, 
downloaded, or otherwise distributed through a network, 
e.g., network 1012 of FIG. 5, or stored on a storage device 
such as primary storage 1034 of FIG. 5. In the described 
embodiment, byte codes 1130 are platform independent. 
That is, byte codes 1130 may be executed on substantially 
any computer system that is running a suitable virtual 
machine 1140. By way of example, in a J avaTM environment, 
byte codes 1130 may be executed on a computer system that 
is running a J avaTM virtual machine. 

Byte codes 1130 are provided to a runtime environment 
1135 which includes virtual machine 1140. Runtime envi 
ronment 1135 may generally be executed using a processor 
such as CPU 1032 of FIG. 5. Virtual machine 1140 includes 
a compiler 1142, an interpreter 1144, and a runtime system 
1146. Byte codes 1130 may generally be provided either to 
compiler 1142 or interpreter 1144. 
When byte codes 1130 are provided to compiler 1142, 

methods contained in byte codes 1130 are compiled into 
machine instructions, as described above. On the other hand, 
when byte codes 1130 are provided to interpreter 1144, byte 
codes 1130 are read into interpreter 1144 one byte code at a 
time. Interpreter 1144 then performs the operation de?ned 
by each byte code as each byte code is read into interpreter 
1144. In general, interpreter 1144 processes byte codes 1130 
and performs operations associated with byte codes 1130 
substantially continuously. 
When a method is called from an operating system 1160, 

if it is determined that the method is to be invoked as an 
interpreted method, runtime system 1146 may obtain the 
method from interpreter 1144. If, on the other hand, it is 
determined that the method is to be invoked as a compiled 
method, runtime system 1146 activates compiler 1142. 
Compiler 1142 then generates machine instructions from 
byte codes 1130, and executes the machine-language 
instructions. In general, the machine-language instructions 
are discarded when virtual machine 1140 terminates. The 
operation of virtual machines or, more particularly, J avaTM 
virtual machines, is described in more detail in The J avaTM 
Virtual Machine Speci?cation by Tim Lindholm and Frank 
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Yellin (ISBN 0-201-63452-X), which is incorporated herein 
by reference in its entirety. 

Although only a few embodiments of the present inven 
tion have been described, it should be understood that the 
present invention may be embodied in many other speci?c 
forms without departing from the spirit or the scope of the 
invention. By way of example, steps involved with allocat 
ing stack space and coloring an interference graph may be 
reordered, removed or added. In general, steps involved with 
the methods of the present invention may be reordered, 
removed, or added without departing from the spirit or the 
scope of the present invention. 

While the present invention has generally been described 
in terms of allocating stack slots to hold spilled data, it 
should be appreciated that stack slots may be allocated for 
a variety of different reasons. For instance, in graphical 
applications, operations such an operation that converts an 
integer value into a ?oating-point value may essentially 
require the allocation of stack slots. Alternatively, stack slots 
may be allocated to enable arguments to be passed on a 
stack. Therefore, the present examples are to be considered 
as illustrative and not restrictive, and the invention is not to 
be limited to the details given herein, but may be modi?ed 
within the scope of the appended claims. 
What is claimed is: 
1. A computer-implemented method for allocating stack 

space in an object-based system, the computer-implemented 
method comprising: 

a) obtaining source code, the source code being suitable 
for compilation, the source code including a de?nition 
associated with a variable; 

b) inserting a ?rst copy instruction in the source code, the 
?rst copy instruction being inserted sequentially after 
the de?nition associated with the variable; 

c) allocating a ?rst stack slot for the ?rst copy instruction; 
and 

d) associating the ?rst stack slot with a stack frame, 
wherein associating the stack slot with the stack frame 
includes determining a siZe of the stack frame. 

2. A computer-implemented method as recited in claim 1 
further including: 

e) creating an interference graph associated with the 
source code, wherein creating the interference graph 
associated with the source code includes allocating the 
?rst stack slot for the ?rst copy instruction; 

f) attempting to color the interference graph; and 
g) determining when the attempt to color the interference 

graph is successful, wherein the ?rst copy instruction is 
inserted in the source code when it is determined that 
the attempt to color the interference graph is not 
successful. 

3. A computer-implemented method as recited in claim 2 
further including: 

obtaining a spill candidate when it is determined that the 
attempt to color the interference graph is not 
successful, the spill candidate being associated with the 
?rst stack slot. 

4. A computer-implemented method as recited in claim 2 
further including repeating steps b), c), e) and f) until it is 
determined that the attempt to color the interference graph is 
successful. 

5. A computer-implemented method as recited in claim 1 
wherein the source code includes at least one use of the 
variable, and obtaining the source code includes obtaining 
the at least one use of the variable. 



US 6,434,743 B1 
11 

6. A computer-implemented method as recited in claim 5 
further including: 

assigning a second copy instruction to the source code, the 
second copy instruction being arranged to be sequen 
tially located after the at least one use of the variable; 
and 

allocating a second stack slot for the second copy instruc 
tion. 

7. A computer-implemented method as recited in claim 1 
Wherein the ?rst copy instruction is associated With one of 
a load instruction, a store instruction, and a register-register 
copy instruction. 

8. A computer-implemented method as recited in claim 7 
further including determining Whether the ?rst copy instruc 
tion is a load instruction. 

9. A computer-implemented method as recited in claim 7 
further including determining Whether the ?rst copy instruc 
tion is a load instruction. 

10. Acomputer system arranged for allocating stack space 
in an object-based system associated With the computer 
system, the computer system comprising: 

a processor; 

a receiving mechanism for obtaining source code, the 
source code being suitable for compilation, the source 
code including a de?nition associated With a variable; 

a compiler mechanism for inserting a ?rst copy instruc 
tion in the source code, the ?rst copy instruction being 
inserted sequentially after the de?nition associated With 
the variable; 

a register allocation mechanism for allocating a ?rst stack 
slot for the ?rst copy instruction, the register allocation 
mechanism further being arranged to allocate machine 
registers; and 

a stack frame creation mechanism for associating the ?rst 
stack slot With a stack frame, Wherein associating the 
stack slot With the stack frame includes determining a 
siZe of the stack frame. 

11. A computer system according to claim 11 further 
including: 

a grapher for creating an interference graph associated 
With the source code; 

a graph coloring mechanism for attempting to color the 
interference graph; and 

a determinator for determining When the attempt to color 
the interference graph is successful, Wherein the ?rst 
copy instruction is inserted in the source code When it 
is determined that the attempt to color the interference 
graph is not successful. 
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12. Acomputer system according to claim 10 Wherein the 

source code includes at least one use of the variable, and the 
computer system further includes: 

an assigner for assigning a second copy instruction to the 
source code, the second copy instruction being 
arranged to be sequentially located after the at least one 
use of the variable, Wherein the register allocation 
mechanism is further arranged to allocate a second 
stack slot for the second copy instruction. 

13. A computer program product for allocating stack 
space in an object-based system, the computer program 
product comprising: 

computer code arranged to obtain source code, the source 
code being suitable for compilation, the source code 
including a de?nition associated With a variable; 

computer code arranged to insert a ?rst copy instruction 
in the source code sequentially after the de?nition 
associated With the variable; 

computer code arranged to allocate a ?rst stack slot for the 
?rst copy instruction; 

computer code arranged to associate the ?rst stack slot 
With a stack frame, the computer code arranged to 
associate the ?rst stack slot With the stack frame 
including computer code arranged to determine a siZe 
of the stack frame; and 

a computer readable medium that stores the computer 
codes. 

14. A computer program product according to claim 13 
Wherein the computer readable medium is one selected from 
the group consisting of a data signal embodied in a carrier 
Wave, a ?oppy disk, a CD-ROM, a tape drive, an optical 
drive, ?ash memory, and a hard drive. 

15. A computer program product according to claim 13 
further including: 

computer code arranged to create an interference graph 
associated With the source code; 

computer code arranged to attempt to color the interfer 
ence graph; and 

computer code arranged to determine When the attempt to 
color the interference graph is successful, the computer 
code arranged to determine When the attempt to color 
the interference graph is successful further being 
arranged to insert the ?rst copy instruction in the source 
code When it is determined that the attempt to color the 
interference graph is not successful. 

* * * * * 


